We perform a comprehensive study of X-ray cavities using a large sample of X-ray targets selected from the Chandra archive. The sample is selected to cover a large dynamic range including galaxy clusters, groups, and individual galaxies. Using β-modeling and unsharp masking techniques, we investigate the presence of X-ray cavities for 133 targets that have sufficient X-ray photons for analysis. We detect 148 X-ray cavities from 69 targets and measure their properties, including cavity size, angle, and distance from the center of the diffuse X-ray gas. We confirm the strong correlation between cavity size and distance from the X-ray center similar to previous studies (i.e., Bîrzan et al. 2004; Diehl et al. 2008; Dong et al. 2010) . We find that the detection rates of X-ray cavities are similar among galaxy clusters, groups and individual galaxies, suggesting that the formation mechanism of X-ray cavities is independent of environment.
INTRODUCTION
The empirical scaling relations between supermassive black holes (SMBHs) and their host galaxy properties imply the coevolution of SMBHs and galaxies (e.g., Magorrian et al. 1998; Ferrarese & Merritt 2000; Gebhardt et al. 2000; Kormendy & Ho 2013; Woo et al. 2013) , while understanding the nature of the coevolution remains as one of the important open questions. Representing the mass-accreting phase of SMBHs, active galactic nuclei (AGNs) have been considered as playing a crucial role through feedback in galaxy evolution. AGN activities may quench or enhance star formation as several simulations demonstrated both negative feedback (Kauffmann & Haehnelt 2000; Granato et al. 2004; Di Matteo et al. 2005; Springel et al. 2005; Bower et al. 2006; Croton et al. 2006; Hopkins et al. 2006; Ciotti et al. 2010; Scannapieco et al. 2012) , and positive feedback (Silk 2005; Gaibler et al. 2012; Zubovas et al. 2013; Ishibashi et al. 2013) .
Various observational studies have revealed evidence for AGN feedback (Fabian 2012; Heckman & Best 2014, and references therein) , which occurs mainly in two modes, radiative (quasar) mode and kinetic (radio) mode. The radiative mode is related to the radiation pressure from the accretion disk, while the kinetic mode is caused by the mechanical power of radio jets.
The radiative mode is manifested in many different ways. Ionized gas outflows are typically observed in type 1 and type 2 AGNs (e.g., Crenshaw et al. 2003; Nesvadba et al. 2008 Nesvadba et al. , 2011 Woo et al. 2015) . Winds are detected very close to the central region based on the kinematic features of narrow absorption lines in X-ray (Pounds et al. 2003; Tombesi et al. 2010 ) and broad absorption lines in UV (Weymann et al. 1991; Crenshaw et al. 2003; Ganguly et al. 2007 ). The asymmetric and blueshifted line profiles of C IV have been suggested as evidence for an AGN wind (i.e., Sulentic et al. 2000; Wang et al. 2011) . At larger scales, velocity dispersions and shifts of emission lines in both ionized and molecular gas suggest AGN winds on scales comparable to that of the host galaxy (Boroson 2005; Komossa et al. 2008; Barbosa et al. † Author to whom any correspondence should be addressed.
2009; Bae & Woo 2014; Woo et al. 2015) .
In contrast, the radio mode feedback has been investigated in more massive systems at much larger scales. The radio mode feedback has been invoked to reconcile the cooling flow problem, i.e. that the observed cooling rate of hot gas in the central regions of galaxies and galaxy clusters is lower than the predicted value from cooling flow models (see Fabian 1994) . A natural explanation is the existence of a heating source that prevents the cooling of the hot gas. AGNs have been considered as one possible candidate for heating (see Fabian 2012; Gitti et al. 2012 for review) . Several studies based on simulations showed that AGN jets can provide sufficient energy to affect galaxy evolution and resolve the cooling flow problem (e.g., Sijacki & Springel 2006; Dubois et al. 2010; Gaspari et al. 2012) .
Based on the high-resolution X-ray imaging obtained with the Chandra and XMM-Newton telescopes, surface brightness depressions of diffuse X-ray emission have been detected at the centers of a number of massive galaxies and galaxy clusters, e.g., Abell 426 (Fabian et al. 2000 , Hydra A (McNamara et al. 2000; Nulsen et al. 2005b; Wise et al. 2007 ), M87 (Churazov et al. 2001; Forman et al. 2007 ), Abell 2052 (Blanton et al. 2011 ), MS0735+7421 (McNamara et al. 2005 , Abell 2199 (Johnstone et al. 2002) , and Centaurus Cluster . These so-called X-ray cavities extend up to several hundred kpc (i.e., MS 0735.6+7421), exceeding the optical size of their host galaxies. Such cavities are considered a signpost of radio mode feedback, as they are often filled with radio lobes, implying that the cavities originate from the interaction between radio jets and interstellar/intergalactic medium (e.g., McNamara et al. 2000; Fabian et al. 2002; McNamara et al. 2005; Giacintucci et al. 2011; Chon et al. 2012 ). In general, observational studies found that the estimated jet energy inferred from the X-ray cavities can balance the cooling of hot gas (e.g., Bîrzan et al. 2004; Rafferty et al. 2006; Nulsen et al. 2009; Hlavacek-Larrondo et al. 2012) . Thus, studying the physical properties of X-ray cavities can shed light on understanding AGN feedback and galaxy evolution.
To understand the nature of X-ray cavities, a number of studies have investigated their properties using samples of galaxies, groups, and clusters. For example, by detecting Xray cavities from 14 galaxy clusters, one galaxy group, and one galaxy, Bîrzan et al. (2004) presented the relationship between X-ray cavity size and the distance from X-ray center. Diehl et al. (2008) expanded the sample size to 32 objects (30 galaxy clusters, one galaxy group, and one galaxy) and found a similar trend between cavity size and distance from the center. Dunn & Fabian (2006) suggested that the AGN feedback duty cycle is ∼ 70% based on the X-ray cavities detected from 14 galaxy clusters among a sample of 20 cool-core clusters. There have also been statistical studies for smaller scale systems such as galaxy groups and elliptical galaxies. For example, Dong et al. (2010) detected X-ray cavities in 26 galaxy groups, and showed that these systems follow the same sizedistance relation found in galaxy clusters. X-ray cavities were also detected in giant elliptical galaxies (e.g., 24 objects out of 104 galaxies, Nulsen et al. 2009 ). Based on the detection rates of X-ray cavities in various environments, Dong et al. (2010) discussed the dependence of AGN feedback duty cycle on environments (i.e., galaxy clusters, galaxy groups, and isolated elliptical galaxies) Recent work increased the number of known objects with X-ray cavities. Panagoulia et al. (2014) identified X-ray cavities from 30 out of 49 local galaxy groups and clusters, which have a cool-core at the central region. On the other hand, Hlavacek-Larrondo et al. (2012) detected X-ray cavities in 20 objects, using 76 massive clusters at higher redshifts (0.3 < z < 0.7). Also, Hlavacek-Larrondo et al. (2015) detected X-ray cavities from 6 objects among 83 galaxy clusters selected with the South Pole Telescope (0.4 < z < 1.2). Using the size of the cavities, Hlavacek-Larrondo et al. (2012 , 2015 claimed that there is no evolution in radio mode feedback in at least the last ∼ 7 Gyr.
While a number of previous studies reported X-ray cavity detections using various samples, it is difficult to statistically investigate the physical properties of X-ray cavities as a population due to the incompleteness and various selection functions of individual studies. For example, the sample size of Dong et al. (2010); Hlavacek-Larrondo et al. (2012) ; Panagoulia et al. (2014) studies is relatively large (i.e., 51, 76, and 49 objects, respectively), reporting discovery of a number of new X-ray cavities. However, a large fraction of the targets in these surveys do not have sufficient photon counts to properly study the presence of X-ray cavities.
In this paper, we present the results from our X-ray cavity study based on a large sample of targets, for which diffuse X-ray emission is detected in the Chandra X-ray images. Our sample also covers a large dynamic range from isolated galaxies to galaxy clusters. By adopting a consistent X-ray photon number criterion, we analyze X-ray images in order to detect X-ray cavities, measure their properties, and investigate the dependence of the cavity formation on environments. We describe the sample selection and data reduction in §2, and the detection method and analysis in §3.
The main results are presented in §4, followed by discussion in §5, and summary and conclusions in §6. We adopt a cosmology of H 0 = 70 km s −1 Mpc −1 , Ω Λ = 0.7 and Ω m = 0.3.
2. SAMPLE AND DATA To search X-ray cavities, we used available Chandra X-ray images, which provide high spatial resolution (PSF FWHM ∼0. 5 at the aim point), ideal for X-ray cavity studies. We considered sources in the Chandra archive in one of three categories, namely, 'normal galaxies', 'cluster of galaxies', and 'active galaxies and quasar'. Using these categories enables us to cover a large dynamical range. We selected a parent sample of ∼3500 targets, for which 5472 individual exposures are available, including multiple images per target (i.e., 2668, 1071, and 1733 exposures of active galaxies and quasars, normal galaxies, and cluster of galaxies respectively). For our cavity study, we used a final sample of 133 targets based on a consistent analysis of X-ray photon counts as described below.
To detect surface brightness depression, a sufficient number of X-ray photons is required. In a previous study, Dong et al. (2010) discussed the conditions of X-ray cavity detection based on simulations with various parameters (e.g., radial profile β, total photon count, cavity strength, and distance from the center), concluding that total photon count is the most important parameter for X-ray cavity detection. However, we found that the total photon count is not a reliable criterion for sample selection since it strongly depends on the spatial distribution of the diffuse emission. For example, if the diffuse X-ray photons are spread out with an average small photon count per pixel, it is difficult to detect cavities although the total photon count is large. On the other hand, if the photon count is high at the central part, then cavities can be detected although the total photon count is small. Thus, we concluded that the total photon count does not provide a consistent selection condition.
Instead of the total photon count, we focused on the photon counts in the diffuse gas near the center of the image. Many targets show an X-ray AGN at the center, hence, the count from the point source contributes to the total count, contaminating the diffuse gas emission. To avoid this contamination, we decided to use an annulus to measure the photon counts for selecting targets of further analysis. Since the center of the diffuse emission is typically close to the aim point of ACIS, we used the size of the PSF FWHM ∼2 pixel (i.e., 0.984 ), which is relevant for most of energy bands 2 . While for some targets, the diffuse emission is off from the aim point and the PSF size varies as a function of distance from the aim point, we assumed PSF size is 2 pixels for all images since we performed PSF deconvolution as described later in this section.
The contribution of the point source decreases outwards, becoming ∼1% of the peak value at the distance of 3 pixels in the Chandra PSF. We conservatively adopted an annulus with an inner radius of 6 and the outer radius of 7 pixels to calculate the mean count per pixel within the annulus. After that, we selected targets if the mean X-ray photon count of the annulus is larger than 4 counts per pixel, which corresponds to Poisson noise of 2.
Since the sample size is very large, we initially selected targets with enough X-ray photons by examining the 4×4 pixel binned images, which was intended to increase the S/N ratio. We excluded targets if diffuse X-ray emission is not visible, for which the photon count corresponds to 2-3 counts per pixel (i.e., 0.1-0.2 counts per unbinned pixel). In other words, these excluded images obviously have a far lower photon count that 4 counts per pixel. Thus, this initial selection conservatively reduced target sample size to ∼800 objects. Note that although we checked the individual images in this process, we also checked that if multiple exposures are available, the combined images of these excluded targets do not have sufficient photon counts.
For the selected ∼800 targets, we performed more detailed analysis after PSF deconvolution. Since the PSF of Chandra images varies along with the spatial location from ∼0. 5 to a few arcseconds, relatively small cavities far from the center can be affected by the effect of the PSF. To deconvolve the PSF of each image, we reduced raw data using the "Chandra_repro" script of the Chandra Interactive Analysis of Observations software (CIAO) v4.6 and Chandra Calibration Database (CALDB) 4.6.3. This script performs all reduction processes such as "acis_process_event", including charge transfer inefficiency correction, time-dependent gain adjustment, and screening for bad pixels using the bad pixel map in the pipeline. After reduction process, we generated count images and exposure-corrected images in the 0.5-7 keV energy band, using "fluximage" script as well as the PSF map using "mkpsfmap" script. Based on the count image and the PSF map, we performed the PSF deconvolution, using "deconvblind" function of MATLAB. The majority of the targets in the sample are observed at the aim point, hence the PSF effect is negligible for cavity detection. In contrast, if diffuse emission is far from the aim point, the PSF-deconvolved images significantly improve the detection of X-ray cavities. Once the PSF deconvolution is complete, then we combined individual exposures to improve S/N whenever multiple images are available per target.
After PSF deconvolution and combining exposures, we measured the photon counts at the annulus (6-7) and selected objects with more than 4 counts. With these criteria, we finalized a sample of 133 targets, which is composed of isolated elliptical galaxies, galaxy groups, and galaxy clusters, covering a range of gas temperatures and various environments (i.e., from 0.3 to 10 keV, which are typical temperature of an isolated elliptical galaxy and a massive galaxy cluster, respectively). This sample is the largest to date for investigating Xray cavities over a broad dynamic range, enabling a comprehensive study of X-ray cavities and their formation and evolution in different environments. The details of our targets are presented in Table 1 . Note that we use exposure-corrected images for cavity analysis while we use count images for sample selection.
In the sample selection, we have excluded several objects although these objects satisfied our photon count criteria. First, we excluded spiral galaxies (i.e., M31) and starburst galaxies (i.e., NGC253, M82), since diffuse X-ray emission for those target is due to evolved star or supernova (e.g., Strickland et al. 2000 Strickland et al. , 2004 Bogdán & Gilfanov 2008) . Second, we excluded merging clusters, which show strongly disturbed distributions (e.g., bullet cluster), using the three lists, namely, "MCC Radio Relic Sample", "MCC Chandra-Planck Merging Cluster Sample", and "Other Proven Dissociative Mergers", from the merging cluster collaboration 3 . Note that we did not exclude two objects (Abell 2146 and Cygnus A) in "Other merging clusters" since they are not classified as dissociative.
Diffuse X-ray emission mainly originates from hot gas, although other sources may contribute, i.e., cataclysmic variables and coronally active binary stars. The X-ray luminosity of these additional sources is less than 10 34 erg s −1 (e.g., Sazonov et al. 2006 ), corresponding to ∼ 0.2 counts in total for 200 ks exposure at the distance of the closest target (NGC 4552), which is based on the calculation, using the Chandra X-Ray Center Portable, Interactive, Multi-Mission Simulator software 4 . Due to PSF effects, the photon count per pixel will be even smaller. Thus, contamination from these additional X-ray sources is negligible for our extragalactic sources.
Since we selected X-ray targets with sufficient photon counts at the central part of the targets, the sample may be biased to cool-core clusters, which are known to have high surface brightness (e.g., Panagoulia et al. 2014) . We calculated the cooling time of each target to investigate whether the cooling time is sufficiently short. We adopted the method given by Equation 14 of Hudson et al. (2010) , which calculates cooling time using the density of ions, electrons, hydrogen, and temperature derived from 0.004 R 500 and the cooling function. A spectrum for each target is extracted within 0.004 R 500 , excluding the central region with a 6 pixel radius to remove the AGN contribution, as similarly used in the sample selection. Here, we used "specextract" script of CIAO with the longest exposure for each target for simplicity while R 500 was estimated using Equation 12 of Vikhlinin et al. (2006) . Since the R 500 and gas temperature are dependent on each other, we estimated them with iterations. The detailed method to estimate R 500 and gas temperature will be presented in §3.4. Then, we fitted the spectra using XSPEC (version 12.8.2) with a single temperature plasma model (MEKAL) and hydrogen gas absorption model (WABS), with gas temperature, normalization factor, and metal abundance as free parameters. We generally treated galactic absorption as a free parameter, except for a few sources where we adopted galactic HI column density from Dickey & Lockman (1990) since the parameter did not converge to reliable values due to the low photon counts. Based on the normalization factor, we calculated electron density and hydrogen density assuming that the ratio of electrons to hydrogen is 1.2 and that hydrogen and ions have the same density. Finally, the cooling function was adopted from Sutherland & Dopita (1993) and interpolated for our estimated metal abundances and gas densities. In summary, we found that the cooling time of all targets is not larger than 3 Gyrs, suggesting that in general our targets have cool cores at the centers. Dickey & Lockman (1990) . Col. (6): Gas temperature. Col. (7): Class of X-ray cavity detection: 1: X-ray cavities detected from raw images, 2: X-ray cavities detected from beta-model subtracted images, 3: and X-ray cavities non-detected. To detect X-ray cavities, we used two methods, the β-modeling and the unsharp masking technique (see Figure 1) , as previously used in other studies (e.g., Diehl et al. 2008; Dong et al. 2010) . First, for β-modeling, the radial distribution of the surface brightness of diffuse X-ray gas is modeled assuming an isothermal distribution of the hot gas (Cavaliere & Fusco-Femiano 1976) . Using the Sherpa package in CIAO, we fitted the surface brightness profile with various parameters, e.g., radius, ellipticity, and power-law index, as free parameters except for the location of the center of X-ray emission. We fixed the peak of the distribution as the center since many targets show asymmetric distribution (e.g., cold front). If we fit the center as a free parameter, the center is almost identical to the peak location within ∼1 pixel for the targets that show symmetric distribution (e.g., Abell 85, NGC 533, Abell 383), while for the targets with asymmetric distribution, the center is significantly off from the location of the peak by up to 60 pixels (e.g., Abell 2146, Ophiuchus cluster). To subtract background, we used constant value as representative of the background. We did not exclude the central bright point source (X-ray AGN) since masking or fitting the point source does not improve the results.
For the targets with strong and large X-ray cavities (21 objects), the β-model does not provide a good fit since the spatial profile dramatically changes (see Figure 2) . Instead, we can directly detect cavities from the raw images, or use the unsharp masked image to identify cavities.
Second, we applied the unsharp masking technique by utilizing the smoothing task "aconvolve" in CIAO. Adopting 2 pixels (i.e., 0.984 ) for small scales and 10 pixels for large scales, we produced smoothed (small and large) images and divided the large scale smoothed image by the small scale smoothed image to obtain the unsharp masked image. A weakness of the unsharp masking technique is that it is difficult to determine the size of X-ray cavities because the size varies with smoothing lengths (see Dong et al. 2010) . Also, for extreme cases, X-ray cavities are not detected from the unsharp masked image (e.g., NGC 533), while cavities are clearly detected from the β-modeling analysis (see Figure 3) . Therefore, we mainly used the β-model to detect X-ray cavities, and used the unsharp masking technique as a secondary method.
In the detection process, we also used the normalized images which were generated by dividing a raw image by the best β-model, in order to conservatively define cavities more. By examining the normalized images as well as residual images, we investigated the spatial extent of relative depression. We require a minimum of 15% depression to confirm the presence of cavities and estimate the size for most targets. However, if the cavity is clearly present in the raw images, we further classified these features as X-ray cavities even though the relative depression is slightly lower than 15%. These exceptions are namely, ZwCl 0104+0048, Abell 383, ZwCl 1021+0426, NGC 4104, and MACS J2046.0-3430 (see Figure 3) .
In Figure 1 , we present an example of the fitting result of RX J1532.9+3021. Compared to the raw image (left), the residual image (center), after subtracting the best-fit β-model (center left) shows two cavities very clearly with the green lines representing the ellipse models. The normalized image (center right) confirms the presence of cavities (see Figure  1 for more details). For all 133 targets in the sample, we present the results: directly detected cavities from raw images (Figure 2) , cavities detected via β-modeling (Figure 3) , and uncertain or non-detections (Figure 4 ).
Cavity properties
We measured the properties of X-ray cavities, either directly detected from the raw X-ray images (for 21 targets) or detected from the β-model analysis (for 48 targets). Since the shape of X-ray cavities typically looks elliptical, we adopted an ellipse model to describe the morphology of X-ray cavities. Note that we tried to fit the shape of the individual X-ray cavities, but failed mainly due to the low photon counts. Thus, we simply overlapped an ellipse model to the raw and betamodel subtracted images, as similarly performed in the previous studies (Dong et al. 2010) . Based on the ellipse model, we determined the size in the semimajor-and semiminor-axes of the X-ray cavities. Note that the size of cavities depends on the choice of the best ellipse model, hence the systematic uncertainty of the size can be significant (see Section 5.4 for more detailed discussion).
We also measured the distance between the cavity center (i.e., center of the ellipse) and the center of the diffuse X-ray emission, which is assumed to be the location of the point source. If a point source is not present, we adopted the peak position of diffuse X-ray emission as the center. We assumed 2 pixels as the measurement uncertainties of the cavity size and the distance. For three targets (ZwCl 0104+0048, NGC 4104, and MACS J2046.0-3430), the detected X-ray cavities are at the center of the diffuse X-ray emission. Perhaps, the radio jet direction is along the line-of-sight in these cases (see also Dong et al. 2010) . In Table 2 , we list the properties of X-ray cavities for individual targets.
False detections of X-ray cavities
In our analysis, we find that asymmetric gas distributions (i.e., cold fronts) can produce false detections of X-ray cavities if we use a symmetric β-model. In Figure 5 , we present such a case, Abell 1991, for which Dong et al. (2010) detected the presence of two cavities (see Figure 4 . in Dong et al. 2010) . The distribution of the diffuse emission is somewhat vertically asymmetric in the raw image with a sharp drop in the north and a shallow decrease in the south. As seen in the residual image after subtracting the β-model, we detected only one cavity in the south (middle right panel). There seems to be one more depression in the north but it may be still caused by the asymmetric X-ray gas distribution since the symmetric β-model can produce a false depression by oversubtracting the diffuse emission, respectively, in the north and south in the image. Thus, we conclude that the depression in the north may not be a real cavity, and that the fitting result may not be reliable for such targets with a strong asymmetric gas distribution. Nevertheless, as shown in the south, some targets show real X-ray cavities in the opposite part of sharp drop, where the diffuse emission is under-subtracted. Thus, the depression in the south is not likely a false detection.
Point sources (AGNs) in the center of diffuse emission may also lead to false detections. For example, in the presence of a strong point source at the center, the β-model tends to oversubtract diffuse emission around the point source, producing a false depression (see e.g., Abell 2029 and UGC12491 in Figure 4 ). For these cases, we did not classify them as real cavities. As presented in Figure 4 , most of targets with no cavity detection present these two features, i.e., asymmetric distribution or over-subtraction around the point source. In these objects, it is not clear whether true cavities are present.
Gas temperature determination
To investigate the effect of the environments on X-ray cavities, we quantified the environments of each target in the sample. Since environments can be represented by various physical parameters, e.g., velocity dispersion of galaxies, X-ray gas temperature, and virial mass, we reviewed literatures for measured velocity dispersions and gas temperatures of each target. However, the reported values are often measured from different methods and incomplete for our sample.
To perform a uniform analysis and minimize systematic uncertainties, we directly measured the gas temperatures within 0.15 R 2500 based on the X-ray data. Since our targets cover a large redshift range (from 0.001 to 2.7), it is difficult to measure R 2500 for all targets since, for example, the R 2500 of lowredshift targets is far larger than the field of view (FOV) of Chandra images. After testing with various radii, we determined that 0.15 R 2500 is the optimal radius for the majority of targets in the sample. For several lower redshift targets, for which even 0.15 R 2500 is larger than the FOV, we adopted a smaller radius: 0.10 R 2500 for M84 and 0.05 R 2500 for NGC 4472, M87, NGC 4552, NGC 4636, and NGC 4649, respectively.
The 0.15 R 2500 was calculated from the temperature-radius relation (Equation 12 of Vikhlinin et al. 2006) , using an initial temperature value. Since the R 2500 varies depending on gas temperatures, we estimated 0.15 R 2500 by iterating radius determination until the estimated temperature becomes consistent within 10%. Note that the uncertainty of gas temperature is large since we calculate 0.15 R 2500 from gas temperature derived within 0.15 R 2500 while we used the temperatureradius relation derived for R 2500 .
The gas temperature derived from 0.15 R 2500 differs on average by 20% compared to that derived from R 2500 (Vikhlinin et al. 2006) . The method for gas temperature measurement is same as described in §2, except for the extraction radius.
We estimated the uncertainties by combining 1 σ fitting error and 20% systematic error to account for the temperature variation due to the adopted size of the aperture (i.e., 0.15 R 2500 vs. R 2500 ). If a smaller radius (i.e., < 0.15 R 2500 ) was used for gas temperature measurements, we adopted 30% higher uncertainty, which is a maximum temperatures difference between 0.05 R 2500 0.15 R 2500 (see Vikhlinin et al. 2006 ). If there is no reliable fitting error when χ 2 is larger than 2, we adopted the maximum fitting error from other targets. Gas temperatures and HI column densities are presented in Table  1 . Note that for individual sources, the uncertainty of the estimated temperature can be larger than 20-30% since R 2500 can be underestimated due to the degeneracy between temperature and radius. (4): Area of X-ray cavity. Col. (5): Distance from X-ray gas emission center to X-ray cavity center. The border divides the detected X-ray cavities from raw images (upper) and beta -model subtracted images (lower).
4. RESULT 4.1. Cavity detection Using the raw images and applying the β-model, we detected 148 cavities from 69 targets. Out of the 133 targets in our sample with sufficient X-ray photons, ∼ 52% shows cavities. Among them, 18, 38, and 13 targets show one, two and more than two cavities, respectively. In general, two cavities are detected as a pair on opposite sides of the center, except for a few cases. Since X-ray cavities are believed to be formed by a radio jet, two bi-symmetric X-ray cavities are expected. However, the presence of more than two cavities in many targets may imply that there were multiple radio events in the past. In the case of more than 2 cavities, 4 targets show one pair and one additional cavity (1, NGC 1316) while the other 9 targets show various geometry: collinear two pairs (e.g., NGC 5813), two pairs with different direction (2, e.g., NGC 4636 & Cygnus A), or a complicated structure (6, e.g., Abell 426 & M87).
Cavity properties comparison
To investigate relations between cavity properties, we compared the cavity size in the semimajor axis (a), distance from the X-ray center (D), and area as shown in Figure 6 , using the "FITEXY" method (Tremaine et al. 2002; Park et al. 2012) . To calculate uncertainties, we performed Monte Carlo simulations with 10,000 mock datasets by randomizing the error, and adopted the standard deviation as the uncertainty of the fitting results.
Over the large dynamic range covered by our sample, we confirm a linear correlation of the cavity size with the distance from the X-ray center, log a = (0.97 ± 0.02) log D − 0.15 ± 0.02,
as previous studies reported (Bîrzan et al. 2004; Dong et al. 2010) . There are several explanations to understand this correlation in terms of cavity evolution such as buoyancy or momentum from AGN jet. By testing various models, Diehl et al. (2008) showed that magnetically-dominated cavities can be well explained by current-dominated magnetohydrodynamic jet models Nakamura et al. 2006 Nakamura et al. , 2007 ). Since the cavity shape is generally elliptical, cavity area may better represent the cavity property than the size in the semimajor-or semiminor-axes. In addition, to estimate the total energy emitted from a radio jet, the volume of cavities is required based on additional assumptions (i.e., cavity shape). Instead, cavity area can be measured from the projected image and compared to the distance. As shown in right panel of Figure 6 , we find a similar correlation between the cavity area and the distance from the center log Area = (1.94 ± 0.04) log D + 0.02 ± 0.05.
The scatter of the area-distance relation is similar to that of the size-distance relation (0.155±0.010 dex and 0.163±0.011 dex, respectively, in distance unit). For the rest of paper, we will use the area as the representative of the cavity size. In Figure 6 , gas temperatures are denoted with different colors. Of interest, it seems that high temperature systems tend to have larger cavities. However, the cavity size correlates with the distance regardless of gas temperature, suggesting that the formation and evolution of the X-ray cavities has little dependence on environment.
4.3. X-ray cavity and gas temperature To investigate the environmental effects on X-ray cavities, we first checked the fraction of X-ray cavity detection as a function of X-ray gas temperatures in Figure 7 . At each temperature bin, the number of total targets and the number of targets with cavity detection are represented, respectively, with the unfilled-and filled-histogram. The detection rate of X-ray cavities is on average 49% while the rate varies slightly in individual temperature bins. We do not find a significant change of the detection rate except for the very high temperature bins that contain small number of targets, suggesting that no strong environmental effects on the presence of X-ray cavities.
In contrast, there appears to be a trend between cavity size and environments. By comparing cavity sizes to gas temperatures (Figure 8 ), we find that the cavity size increases with gas temperatures. Since many targets at given gas FIG. 7.-X-ray cavity detection on temperature distribution. Total number (unfilled) and X-ray cavity detection number (filled) are represented.
temperature have multiple cavities with various sizes, the relation between the cavity size and gas temperature is not strong. Nonetheless, there is a clear trend between them, suggesting that more massive systems possess larger size cavities. However, to confirm the correlation, we should look at the selection effect carefully, which will be discussed in detail in §5.1. et al. 2010), and ∼1/4 for elliptical galaxies (24 out of 104; Nulsen et al. 2009 ). At face value these results seem to suggest that the detection rate of X-ray cavity increases with galaxy density, indicating environment effects on the formation of X-ray cavities.
As pointed in §2, however, consistent criteria for sample selection and uniform analysis is required to constrain the detection rate and environment effect. By investigating the targets in the previous studies, we find that many targets, for which X-ray cavities were detected, do not have sufficient Xray photons. For example, 17 targets of Dong et al. (2010) satisfy our sample selection criteria while the other 38 targets have insufficient photon counts. Among those 17 targets, we found cavities in 11 targets while Dong et al. (2010) detected cavities in 14 targets. Comparing with the results of Dunn & Fabian (2006) , we used all 20 objects in their sample and detected cavities in 16 objects. While Dunn & Fabian (2006) also detected cavities in 16 targets, they did not find cavities in the same 16 targets we did. We found X-ray cavities in Abell 496, Abell 2204, PKS 0745-191, and AWM7, however, Dunn & Fabian (2006) did not. It may be partly due to the fact that Dunn & Fabian (2006) used single exposures per target, without combining all available exposures and that they did not perform β-modeling and unsharp masking analysis. On the other hand, Dunn & Fabian (2006) reported X-ray cavities in Abell 1795, Abell 2029, Abell 4059, and MKW 3s, while we classified these target as non-detections since they show oversubtraction in our analysis. These examples demonstrate the difficulties of direct comparison among various studies in the literature. We provide more detailed comparison of our work to others in §5.4.
In contrast, our results suggest that the cavity detection rate does not show significant dependence on gas temperatures (see Figure 7) , indicating that the formation and evolution of the X-ray cavities may be driven by the central engine (i.e., AGN) and affected by the physical conditions at the center (i.e., gas density) rather than the global properties (i.e., environments).
We showed that larger X-ray cavities tend to be detected in the higher gas temperature systems. Since the cavity grows in size and moves away from the center, as indicated by the sizedistance relationship, we expect to see small cavities close to the center even in high gas temperature systems. The lack of small cavities in high gas temperature systems may reflect selection effects. To investigate the effect, we compared the cavity size and gas temperature as a function of redshift (Figure 9) , finding that systems with high gas temperature tend to be more distant since more massive and more luminous systems with high gas temperature are rarer. Also, we tend to detect larger cavities at higher redshift as shown in Figure 9 . This trend can be due to the limited spatial resolution of the Chandra data. Since it is difficult to identify a cavity with a size smaller than ∼1 with the Chandra PSF, we could not detect small size cavities at high redshift. To illustrate this, we denoted the detection limit for a cavity with a 1 radius size as a function of redshift with a solid line in Figure 9 . The distribution of the detected cavities over the redshift range is consistent with the detection limit, indicating that the lack of small cavities at high redshift is due to the fixed spatial resolution in Chandra images.
On the other hand, we tend to detect no large cavities in the systems with lower gas temperature since the size of the diffuse X-ray emitting region is intrinsically small. Since the cavities are detected as a form of depression as embedded in the diffuse X-ray gas, the size of X-ray emitting region is the maximum limit of the cavity size. In Figure 10 , we present the size of the X-ray halo with a grey line, which represents R 2500 as a function of gas temperature while the thickness represents the range of R 2500 at the redshift range 0.001<z<0.7, which is relevant for all targets in the sample except for one target, MS 1512-cB58 at z = 2.723. This figure demonstrates the growth limit of X-ray cavities. For example, 3C 444 (log (D/1kpc) ∼ 1.8) and MS 0735.6+7421 (log (D/1kpc) ∼ 2.2) contain relatively large cavities, which are close to the growth limit and detected at the edge of the Xray distribution. There are other cavities detected at the edge of the X-ray distribution (e.g., M84 and NGC 4636). However, these target have much shallower X-ray images, hence, the size of the observed X-ray distribution is much smaller than R 2500 .
In Figure 11 , we demonstrate the two forbidden areas in the size-temperature plane with the growth limit and the spatial resolution limit. Intrinsically the cavity size can not be larger than the X-ray emitting region of individual targets, confining the detected cavities below the growth limit, while Chandra image resolution does not allow us to observationally detect small cavities below the spatial resolution limit.
Non-detection of X-ray cavity
While we detected X-ray cavities from 69 out of 133 targets, we did not find any clear evidence for X-ray cavities in the other 64 targets (see §4). Since the majority of non-detected targets have asymmetric distributions or oversubtraction issues, it is difficult to confirm the presence of cavities in these objects. This is the limitation of this work since we relied on symmetric β-modeling. The results from the β-modeling often present over-subtraction regions, which were classified as non-detections. For these targets, additional data such as radio can be an aid to reveal the true nature of diffuse X-ray emission. For example, Hodges-Kluck et al. (2010a,b) confirmed the presence of cavities by combining X-ray and radio data.
Another possible reason for non-detection is relatively weak X-ray depression. Previous work reported that cavity detectability strongly depends on the size and distance from the center, suggesting that large cavities with smaller distance can be detected easily (Enßlin & Heinz 2002; Brüggen et al. 2009; Dong et al. 2010) . In other words, we tend to not detect small cavities far from the central region. In addition, Enßlin & Heinz (2002) showed that detectability also relies on the inclination angle of a cavity with respect to the plane of sky, showing that cavity depression is maximized when the inclination angle is zero. For these reasons, it is likely that we may have missed some cavities. These effects act as selection effects for our cavity detection and the observed size-distance relation presented in Figure 6 .
We consider two additional scenarios for systems with no cavity detections. One scenario is that no X-ray cavity is present due to the lack of AGN or jets. If there are no radio jets or the radio jets are too weak to push the hot X-ray gas, cavities may not form. As a possible AGN indicator, we investigate the presence of an X-ray point source at the center of each object. We found a central X-ray point source for 33 out of 69 cavity-detected targets (48%) and 33 out of 64 targets with no cavity detection (52%), respectively, suggesting that X-ray AGN fraction is similar between targets with/without cavities. In the case of the cavity-detected targets without Xray AGN, it is possible that AGN is currently very weak or inactive while the black hole was active in the past. In the case of no cavity targets with X-ray AGNs, the AGN may not have strong jets to form cavities, or cavities are present, but not detected due to the detection issues (i.e., asymmetric distribution or over-subtraction). A detailed investigation of the relationship between AGN and the presence of cavities is beyond the scope of our current work.
Another possibility is that the radio jet was just launched or launched a long time ago. If the radio jet is just launched, cavities may be too small to resolve in the X-ray images. If the radio jet launched a long time ago, the X-ray cavities may have already moved beyond the edge of the diffuse X-ray emission (see §5.1)
To check this scenario, one can use multi-frequencies radio data. In detecting X-ray cavities directly, high-frequency data with high resolution could reveal small X-ray cavities.
However, due to the energy loss through synchrotron emission, there could be no emission at high-frequency if the jet was launched a long time ago. In that case, low-frequency observations might reveal extended features (e.g., Gitti et al. 2010; Giacintucci et al. 2011) . With the combination of multifrequency radio data, one can check for the presence of radio jets at small and large scales. If there is no radio jet, it could mean there was no AGN activity and thus no cavities as well. On the other hand, if there is the evidence of radio jets at small-or large-scales, it could be good evidence to confirm the second scenario. Furthermore, if the radio image shows multiple jets, it enables us to investigate the duty cycle of AGN activity (e.g., Randall et al. 2011; Chon et al. 2012) . In means that we can study in detail the period of AGN feedback duty cycle. However, the current lack of multi-frequency radio data for our targets makes such a study not possible in the current paper.
We note that a scaling relation between jet power derived from the cavities and radio luminosity has been found (Bîrzan et al. 2004 (Bîrzan et al. , 2008 Cavagnolo et al. 2010; O'Sullivan et al. 2011a) . In other words, the jet power can be estimated based on radio luminosity and used to predict the presence of X-ray cavities. Thus, this may be another way to infer the existence of cavities when they can not be directly detected in X-ray images.
The shape of X-ray cavities
In Figure 12 , we present a distribution of orientation angle of the cavities with respect to the center (or jet direction). We define the orientation angle 0 degree if the cavity is radially elongated (along with the jet direction; e.g., Cygnus A and Hydra A) while 90 degree means that the cavity is elongated perpendicular to the jet direction (e.g., NGC 4552 and HCG 62). Here, we only take the targets with a/b ratio over 1.1 or under 0.9 to avoid a systematic uncertainty from circular shape cavity. We find a bimodal distribution that cavities are elongated either parallel to the jet direction or perpendicular to the jet direction, suggesting no significant trend with respect to the jet direction. Note that since we did not fit the cavity with an ellipse model, and determined a representative model by visual inspection, the uncertainty of the direction of the elongation is relatively large.
While various simulation results showed different orientations (Sijacki & Springel 2006; Brüggen et al. 2007; Sijacki et al. 2007; Dubois et al. 2010; Gaspari et al. 2011; Li & Bryan 2014 ), a recent study by Guo (2015) investigated the orientation of cavities with various input physical parameters, suggesting that radial elongation increases with jet density, velocity, and duration while it decreases with jet energy density and radius, implying that the morphology of the cavities is closely related to the jet properties.
Comparison to previous works
In this section, we compare our cavity detections with previous studies. First, we used the initial sample of ∼800 targets, for which we obtained evidence for diffuse X-ray emission and performed a detailed X-ray count analysis (see §2), to find whether X-ray cavities were previously detected by other studies. By searching a number of papers cited for each target, we find that 116 out of ∼800 targets were reported to possess X-ray cavities in the literature.
Among these 116 targets, 69 targets have Chandra images with sufficient X-ray photons (i.e., larger than 4 counts per FIG. 12.-Distribution of the orientation angle of X-ray cavities. 0 degree indicates radial elongation while 90 degree means that major axis is perpendicular to the jet direction.
pixel at the 6-7 pixel annulus; see §2) while the X-ray image of the other 47 targets does not have sufficient photons, hence we did not perform the detailed analysis for these targets. The X-ray cavities of these 69 targets were identified by a number of works (e.g., Bîrzan et al. 2004; Dunn et al. 2005; Dunn & Fabian 2006; Rafferty et al. 2006; Diehl et al. 2008; Cavagnolo et al. 2010; Giacintucci et al. 2011; Bîrzan et al. 2012; Hlavacek-Larrondo et al. 2012; Russell et al. 2013; Panagoulia et al. 2014 ). When we compare them with our work, we find that we independently detected cavities from 47 of these targets. We did not detect X-ray cavities in 22 other targets that were previously claimed to contain X-ray cavities. Since over-subtraction is shown in these targets, we classified them as no-cavity detections (see Figure 4 ). For these more complex objects, additional information such as radio flux and morphology may help to confirm the existence of the cavities. Note that the presence of X-ray cavities have been confirmed using radio data (e.g., IRAS 09104+4109, O'Sullivan et al. 2012; NGC 4261, O'Sullivan et al. 2011b; Abell 2029 , Clarke et al. 2004 and Hercules A, Nulsen et al. 2005a ). However, to be consistent with other over-subtraction targets, we left them as no-cavity detections based on X-ray data only.
For the other 47 targets out of the 116 objects, X-ray cavities were also reported in the literature (e.g., Rafferty et al. 2006; Cavagnolo et al. 2010; Dong et al. 2010; HodgesKluck et al. 2010a,b; Lal et al. 2010; Machacek et al. 2010; O'Sullivan et al. 2010; Bîrzan et al. 2012; Panagoulia et al. 2014; Hlavacek-Larrondo et al. 2015) . In our analysis, however, these targets were excluded from the detailed β-modeling and further analysis since the X-ray images did not satisfy the criterion of having sufficient photons. For example, Panagoulia et al. (2014) investigated a sample of 49 objects, finding X-ray cavities from 30 targets, while only 28 targets among their 49 objects were included in our analysis based on the photon count criterion. As described in §2, we note that photon count is the most important parameter for detecting X-ray cavities in our analysis, thus deeper X-ray images are required for confirming cavities in these targets.
In our analysis of the total sample of 133 targets with suf- ficient X-ray photons, we detected X-ray cavities for 69 objects. While 47 objects among them were previously reported to have X-ray cavities, we found new X-ray cavities for 22 additional objects for the first time. In particular, 5 targets out of these 22 objects were studied by previous works, however, no X-ray cavities were identified. They are namely, AWM 7 (Dunn & Fabian 2006; Bîrzan et al. 2012) , EXO 0423.4-0840, RXC J1504.1-0248 (Bîrzan et al. 2012) , and Abell 2626 (Panagoulia et al. 2014) . One of the reasons why we were able to detect cavities in these objects is that we used deeper X-ray images by combining individual exposures, which is the case for 4 targets. For the other object, RXCJ 1504.1-0248, although the same X-ray data were used for both our and previous works, we used the β-modeling while the previous works used raw images and unsharp masking method (except for Dong et al. 2010) . Thus, the difference of the depth of the X-ray images and the analysis method seems to explain the discrepancy.
We find that the number of detected cavities for a given target is sometimes different from that of previous studies, presumably due to the use of different analysis methods. For example, we detected three cavities in NGC 5044 and NGC 1316, respectively, while David et al. (2009) detected four cavities in NGC 5044 and Lanz et al. (2010) found only one cavity in NGC 1316. Forman et al. (2007) and Wise et al. (2007) also detected cavities from Hydra A and M87, respectively, but the number of detected cavities in their studies is different from that of this work. In those studies, radio data were additionally used to confirm the presence of cavities, that were not classified as cavities with the X-ray data alone in our study, suggesting that our analysis and measurements of cavity properties are limited. A more statistical investigation of the various X-ray studies for cavities is beyond the scope of this paper.
We have compared the properties of the cavities detected in our study with those in the literature for a consistency check. For this exercise, we used three studies (Dong et al. 2010; Hlavacek-Larrondo et al. 2012; Panagoulia et al. 2014 ) since they provide cavity size as well as X-ray images, enabling us to crossmatch the cavities detected in our study. We found 44 cavities in 24 targets that are common to these other studies. Among these targets, 9 cavities are detected by both Dong et al. (2010) and Panagoulia et al. (2014) . By comparing the size of these 44 cavities in Figure 13 , we find that the cavity size is similar to that of previous works within 0.07 dex. Compared to the scatter (0.17 dex), our measurements show a good agreement with those in the previous work. When we divided the cavities into two categories: cavities detected from raw images (open) and based on the β-modeling (filled), we do not find any significant difference in comparison. The solid vertical lines between black and red symbols show the nine overlappng cavities between Dong et al. (2010) and Panagoulia et al. (2014) . The mean difference of this subsample between two previous works is 0.06 dex, implying negligible difference. Note that the sample of Hlavacek-Larrondo et al. (2012) seems to show the largest offset (0.15 dex) among the three works, while the difference is still smaller than the overall scatter (0.17 dex), suggesting that cavity size measurements are relatively consistent among various works.
6. SUMMARY Using all available X-ray data (∼ 5500 exposures) from the Chandra archive, we selected a sample of 133 targets with sufficient X-ray photon counts to search for X-ray cavities. Based on our consistent analysis we presented X-ray cavities detections for 69 targets over a large dynamic range from isolated galaxy to massive galaxy clusters. We summarize the main results as follows.
• Using various detection strategies (raw image, β-modeling, unsharp masking method), we found 148 X-ray cavity in 69 targets out of a total sample of 133 objects, which is ∼ 52% detection rate. The detection rates of X-ray cavities are similar among individual galaxies, galaxy groups, and galaxy clusters. Most targets have more than two cavities, suggesting multiple AGN outbursts.
• We confirmed the cavity size-distance relation over a large dynamic range and environments. We propose that the area of a cavity is a useful parameter to represent the physical size of cavities.
• We found little dependence of the cavity properties on environment. This may indicate that X-ray cavities form universally and are not driven by global properties of the system, but determined by the properties of AGN and its radio jets.
• The apparent relation between X-ray cavity size and X-ray gas temperature suffers from selection effects due to the observational limit of the spatial resolution of Chandra images as well as the intrinsic limit of the size of X-ray emitting region, particularly for low gas temperature systems.
In this work, we found that X-ray cavities have similar properties in galaxies, groups and clusters and therefore conclude that their formation is independent of environment. We also suggest that AGN feedback occurs periodically based on the high fraction of X-ray cavity detection and multiple pairs of X-ray cavities. Using our sample, follow-up studies can investigate X-ray cavities comprehensively as a probe of AGN feedback.
